Abstract. MicroRNAs (miRNAs) have critical roles in the progression of nasopharyngeal carcinoma (NPC), a highly invasive and metastatic cancer that is widely prevalent in Southern China. miR-491-5p has been implicated in multiple types of cancer; however, its biological role and underlying mechanism in NPC have not been fully explored. In the present study, we found that miR-491-5p was downregulated in NPC tissues and cell lines compared with the corresponding normal counterparts. Overexpression of miR-491-5p significantly inhibited cell proliferation, migration and invasion in vitro and suppressed tumor growth in vivo. Using miRNA target prediction algorithms and reporter assays, we showed that miR-491-5p suppressed Notch3 expression both at the mRNA and protein level through directly targeting the 3' untranslated region (3'-UTR) of Notch3 mRNA. Overexpression of Notch3 significantly reversed the tumor-suppressive effects of miR-491-5p. Taken together, the present study reveals a mechanistic link between miR-491-5p and Notch3 in the pathogenesis of NPC and that miR-491-5p has potential as a therapeutic target for NPC.
Introduction
Nasopharyngeal carcinoma (NPC) is a non-lymphomatous squamous cell carcinoma arising from epithelial cells located in the nasopharynx (1) . NPC is a rare disease in most parts of the world and the incidence is 0.2-0.5 cases/100,000 people in the USA, but is high in Southern China and Southeast Asia (2) (3) (4) (5) . NPC responds well to radiotherapy and adjuvant chemotherapy; however, the 5-year overall survival rate is still 70% (6) (7) (8) . Therefore, it is important to elucidate the pathogenesis of NPC for discovering new therapeutic approaches.
MicroRNAs (miRNAs) are a class of short single-stranded non-coding RNAs, 22-25 nucleotides, repressing protein translation through directly binding to the 3'-untranslated region (3'-UTR) of target mRNAs, leading to mRNA degradation or translational suppression. miRNAs participate in the regulation of a variety of basic biological processes such as development, cellular differentiation, proliferation, apoptosis, invasion and metabolism (9) (10) (11) . A large number of studies have demonstrated that the gain or loss of function of miRNAs contributes to cancer development through silencing of tumor suppressor genes or upregulation of oncogenes, including in NPC, such as miR-21, miR-506, miR-223 and miR-142-3p (12) (13) (14) (15) . miR-491-5p is deregulated and acts as a tumor suppressor in many tumors, including cervical and breast cancer, oral squamous cell and ovarian carcinoma (16) (17) (18) (19) . However, the function of miR-491-5p in NPC pathogenesis, as well as the molecular mechanisms by which miR-491-5p exerts its function and modulates the malignant phenotypes of NPC cells, is not fully understood.
Notch genes (Notch 1-4) encode single-pass, heterodimeric transmembrane receptors that serve as receptors for the Jagged and δ-like ligands (20, 21) . The Notch pathway has pivotal roles in cellular processes such as proliferation, invasion, differentiation and development (22, 23) . Notably, Notch signaling plays key roles in the progression of cancer, and some Notch inhibitors have shown therapeutic efficacy in preclinical studies (22, 24) .
In the present study, we aimed to explore the potential regulatory mechanisms of miR-491-5p in NPC. We showed for the first time that miR-491-5p is downregulated in NPC, and its overexpression could suppress proliferation and invasion of NPC cells through suppression of Notch3 expression.
Materials and methods
Cell culture and clinical sample preparation. Four human NPC cell lines (C666-1, CNE1, CNE2 and SUNE-1) were cultured in RPMI-1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS). The normal nasopharyngeal epithelia cell line NP69 was cultured in keratinocyte/serum-free medium (Invitrogen) supplemented with bovine pituitary extract (BD Biosciences, San Jose, CA, USA) (25 Oligonucleotides and plasmid transfection. miR-491-5p mimic and negative control were synthesized by RiboBio (Guangzhou, China). The Notch3-3'-UTR wild-type (WT) sequence was amplified and cloned into psiCHECK-2 luciferase reporter vector (Promega, Madison, WI, USA). Mutant 3/-UTR of Notch3 containing two mutated sequences within the miR-491-5p target sites was generated. For Notch3 overexpression, the full-length open reading frame of Notch3 without 3'-UTR was subcloned into pcDNA3.1 vector (Invitrogen). Cells were transfected with miR-491-5p mimic or plasmid using Lipofectamine 2000 reagent (Invitrogen).
Western blot analysis. Cells were lysed in RIPA buffer and the protein concentrations were evaluated using BCA protein assay kit (both from Beyotime, Nantong, China). Total protein was prepared and separated by 10% SDS-PAGE, then transferred onto polyvinylidene difluoride (PVDF) membranes and blocked with 5% non-fat milk. The target proteins were detected according to the standard methods with the following primary antibodies: anti-Notch3 antibody and goat antiperoxidase-conjugated secondary antibody (both from Santa Cruz Biotechnology, Santa Cruz, CA, USA). An anti-β-actin antibody (Sigma, St. Louis, MO, USA) was used as the loading control.
Lentivirus production and transduction. miR-491-5p precursor sequences were amplified and cloned into the lentiviral vector pCDH-CMV-MCS-EF1-copGFP (System Biosciences, Mountain View, CA, USA). A lentiviral vector that expressed GFP alone was used as a control. Virus particles were harvested 48 h after pCDH-CMV-miR-491-5p transfection with the packaging plasmids psPAX2 and pMD into 293T cells using Lipofectamine 2000 reagent. Target cells were infected with recombinant lentivirus-transducing units plus 8 mg/ml Polybrene (Sigma).
Cell proliferation assay. Cell viability was detected using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. Cells were seeded in 96-well plates at 2x10 3 cells/well and incubated for 24, 48, 72 and 96 h. Next, 5 µl MTT solution was added to each well and then terminated by 200 µl dimethyl sulphoxide (DMSO). The viability of cells was detected and measured at 490 nm using a microplate reader (Bio-Rad, Richmond, CA, USA). All experiments were repeated three times.
Cell migration and invasion assays. We used a Transwell chamber assay (24-well plates, 8-mm pore size; Corning, Corning, NY, USA) coated without or with Matrigel (BD Biosciences), respectively, on the upper surface of the membrane to determine the effect of miR-491-5p on migration and invasion in vitro. Cells (2.5x10 4 ) were placed in the top chambers in triplicate. For the invasion assay, the upper chamber was coated with Matrigel. Cells on the upper surface of the membrane were removed after 24 h incubation, and cells on the undersurface were fixed, stained with 0.1% crystal violet and counted under a light microscope. The Transwell migration assay was performed in the same way as the invasion assay, but without the Matrigel coating.
Cell cycle analysis. Cells at 80-90% confluence were transfected with miR-491-5p or negative control. After 48 h, cells were collected by trypsinization, washed twice in phosphatebuffered saline (PBS) and fixed in 70% ethanol. These cells were incubated with DNA-binding dye propidium iodide and RNase for 30 min at 37˚C. Cells were analyzed on a flow cytometer (FACSCalibur; BD Biosciences).
Luciferase reporter assay. For dual luciferase assays, cells were transiently transfected with appropriate reporter plasmid and miRNA using Lipofectamine 2000. After 48 h, cells were collected and luciferase activity was measured using a Dual Luciferase Reporter Assay kit (Promega).
In vivo tumor growth model. For tumor growth assay, 10 6 SUNE-1 cells stably overexpressing miR-491-5p or negative control were suspended in 200 µl PBS, and then subcutaneously injected into nude mice. Four weeks later, the mice were sacrificed, tumors were dissected and weighed, and tumor volume was calculated every three days. Statistical analysis. All statistical analyses were performed using SPSS version 16.0 software (SPSS, Inc., Chicago, IL, USA) and are expressed as mean ± SD. Differences between groups were determined by Student's t-test or by two-way analysis of variance. P<0.05 was considered significant.
Results

miR-491-5p is downregulated in NPC cell lines and tissues.
To examine the role of miR-491-5p in NPC, the expression level of miR-491-5p was detected by qRT-PCR in NPC cell lines and tissues. As shown in Fig. 1A , miR-491-5p was expressed at markedly lower levels in all NPC cell lines tested, compared to the normal nasopharyngeal epithelial cell line NP69. miR-491-5p was also downregulated in NPC tissues compared with normal nasopharyngeal epithelial tissues (Fig. 1B) .
Effects of miR-491-5p overexpression on NPC cell proliferation, migration and invasion.
To investigate the effects of miR-491-5p on NPC cell growth, C666-1 and SUNE-1 cells were transfected with miR-491-5p mimic or negative control ( Fig. 2A) . Using the MTT assay, we found that overexpression of miR-491-5p significantly inhibited cell proliferation compared with the negative control (Fig. 2B) . We also tested the effects of miR-491-5p on the cell cycle progression by flow cytometric analysis. Compared with the miR-control group, miR-491-5p overexpression increased the percentage of cells in G1/G0 phases and decreased the percentage of cells in S phase (Fig. 2C) . Transwell migration and invasion assays showed that miR-491-5p overexpression inhibited cell migration and invasion compared to the negative control ( Fig. 2D and E ). These results demonstrate that miR-491-5p suppresses several malignancy parameters in human NPC cells.
Notch3 is a target of miR-491-5p.
The miRNA target analysis tools miRanda and TargetScan were used to explore potential targets of miR-491-5p and Notch3 was selected due to its positive roles in cancer cell proliferation and invasion. Luciferase reporter assay was performed to determine whether Notch3 was a direct target of miR-491-5p. We first cloned the WT or mutant miR-491-5p target sequences of the Notch3 3'-UTR into luciferase reporter vectors (Fig. 3A) . After co-transfection with miR-491-5p mimic, the luciferase activity of the WT 3'-UTR reporter gene reduced significantly, whereas the activity of the mutant reporter gene was not affected (Fig. 3B) , confirming that miR-491-5p can bind to the Notch3 3'-UTR. In addition, we analyzed the level of Notch3 expression in C666-1 and SUNE-1 cells transfected with miR-491-5p mimic or miR-control by qRT-PCR and western blotting. miR-491-5p overexpression significantly reduced the Notch3 expression at both the mRNA and protein levels ( Fig. 3C and D) . These data indicate that Notch3 was directly and negatively regulated by miR-491-5p.
Notch3 attenuates the suppressive effect of miR-491-5p.
Given that miR-491-5p could suppress cell proliferation, migration and invasion as well as inhibit the expression of Notch3 through regulating Notch3 3'-UTR, we predicted that ectopic expression of Notch3 may reverse the suppressive effects of miR-491-5p. Notch3 ORF lacking 3'-UTR was co-transfected with miR-491-5p in C666-1 and SUNE-1 cells, and western blotting validated expression of Notch3 (Fig. 4A) . As shown in Fig. 4B-D , restoration of Notch3 partially rescued proliferative and invasive ability impaired by miR-491-5p. These data indicate that Notch3 is critically involved in mediating the tumor-inhibitory function of miR-491-5p.
Antitumor effects of miR-491-5p on NPC xenografts.
To explore the function of miR-491-5p on tumor growth, we constructed a SUNE-1 cell line stably overexpressing miR-491-5p by lentivirus-mediated transduction. These cells were injected subcutaneously into the flanks of nude mice, and tumor growth was measured until sacrifice of the mice after 28 days. The tumors of the LV-miR-491-5p group had smaller volumes and sizes than the control tumors ( Fig. 5A and B) . The average tumor weight was also significantly lower in the LV-miR-491-5p group (Fig. 5C) . Furthermore, we examined cell proliferation of NPC and the expression of miR-491-5p and Notch3 in the subcutaneous tissues. The results revealed that LV-miR-491-5p increased tumor miR-491-5p levels, reduced the expression of Notch3 protein, and suppressed expression of cell proliferation marker Ki67 compared with negative control (Fig. 5D-F) . These data indicate that miR-491-5p can significantly inhibit NPC cell growth, and it acts as a negative regulator in NPC.
Discussion
It is now widely accepted that miRNAs contribute to cancer development by acting as oncogenes or tumor suppressor genes. Previous studies have shown that miR-491-5p is dysregulated in various cancers and its potential function has also been partly explored in several studies (16) (17) (18) . For example, Zhao et al reported that miR-491-5p suppressed cervical cancer cell proliferation, migration and invasion, induced cell apoptosis and suppressed tumor growth in a mouse model (16) . Zeng et al found that miR-491-5p functions as a tumor suppressor by targeting JMJD2B in estrogen-receptor-α-positive breast cancer (17) . Huang et al showed that miR-491-5p and GIT1 serve as modulators and biomarkers for oral squamous cell carcinoma invasion and metastasis (18) . These consistent results suggest that miR-491-5p functions as a tumor suppressor and affects cell biological behavior in cancer. However, to date, no functional evidence of miR-491-5p in NPC has been documented. Therefore, further extensive investigations are required to identify miR-419-5p that is involved in the cell growth of NPC.
In the present study, we found that miR-491-5p expression was markedly downregulated in human NPC cells and tissues. Increased expression of miR-491-5p inhibited cell proliferation, migration and invasion and induced cell cycle arrest. We also explored the role of miR-491-5p in vivo using a xenograft mouse model and found that tumor growth was suppressed when miR-491-5p was overexpressed. These data suggest a tumor-inhibitory role of miR-491-5p in NPC cells both in vitro and in vivo.
The mechanism of the effect of miR-491-5p on the development of NPC was also investigated in the present study. Notch3 was predicted to be a theoretical target gene of miR-491-5p. We found that miR-491-5p bound to the 3'-UTR of Notch3 mRNA and repressed its expression. Further studies indicated that overexpression of Notch3 reversed the tumor suppressive effects of miR-491-5p on NPC cells. All these data suggest that Notch3 is a direct and functional target of miR-491-5p in NPC cells.
Notch3 is one of the four different Notch proteins (Notch1-4), which have emerged as important players in cancer therapy, and which have been found to affect diverse processes, such as proliferation, invasion and migration. For instance, Notch3 was upregulated in ovarian cancer and its inhibitor reduced viability, migration and angiogenesis, and increased apoptosis (26) . Jaskula-Sztul et al indicated that Notch3 suppressed medullary thyroid cancer cell proliferation and induced apoptosis (27) . Alqudah et al showed that Notch3 plays a major role in glioma cell proliferation, migration, invasion and apoptosis (28) . Notch3 is regulated by miRNAs in many cancers. Wang et al found that miR-206 inhibited tumor proliferation and migration involving the downregulation of Notch3 in colorectal cancer (29) . Furukawa et al suggested that the miR-1/Notch3 pathway is important for colorectal tumor cell migration and may be a promising molecular target for the treatment of colorectal tumors (30) . Previous studies reported that Notch3 is upregulated in NPC cell lines, and targeting Notch3 signaling may serve as a potential therapeutic approach in patients with Epstein-Barr-virus-associated NPC (31) . Thus, it is particularly important for the exploration of the regulatory mechanism of Notch3 in NPC development, and the present study showed for the first time that Notch3 was a direct downstream target gene of miR-491-5p, affecting NPC development.
In conclusion, we demonstrated that miR-491-5p is downregulated in NPC and may function as a tumor suppressor by directly targeting Notch3. To the best of our knowledge, this is the first study to demonstrate that the miR-491-5p/Notch3 axis regulates the proliferation, migration and invasion of NPC cells. These findings provide a better understanding of the pathogenesis and development of NPC and may have important implications for future therapy of NPC.
